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Abstract: Alternative fuels, like biodiesel, are being utilized as a renewable energy source 
and an effective substitute for the continuously depleting supply of mineral diesel as they 
have similar combustion characteristics. However, the use of pure biodiesel as a fuel for 
diesel engines is currently limited due to problems relating to fuel properties and its 
relatively poor cold flow characteristics. Therefore, the most acceptable option for 
improving the properties of biodiesel is the use of a fuel additive. In the present study, the 
properties of palm oil methyl esters with increasing additive content were investigated after 
addition of ethanol, butanol and diethyl ether. The results revealed varying improvement in 
acid value, density, viscosity, pour point and cloud point, accompanied by a slight decrease 
in energy content with an increasing additive ratio. The viscosity reductions at 5% additive 
were 12%, 7%, 16.5% for ethanol, butanol and diethyl ether, respectively, and the 
maximum reduction in pour point was 5 °C at 5% diethyl ether blend. Engine test results 
revealed a noticeable improvement in engine brake power and specific fuel consumption 
compared to palm oil biodiesel and the best performance was obtained with diethyl ether.  
All the biodiesel-additive blend samples meet the requirements of ASTM D6751 biodiesel 
fuel standards for the measured properties. 
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1. Introduction 
Decreasing fossil fuel supplies and increasing energy demands, together with the growing effects of 
greenhouse gas emissions from fuel combustion have led to the growing importance placed on the 
investigation of biodiesel. Mineral diesel fuel is only available in specific lands around the World, and 
their sources have very nearly reached their maximum production [1]. On the other hand, biodiesel is a 
renewable fuel produced from various vegetable oil feedstocks and animal fats [2,3]. The properties of 
biodiesel are comparable to ordinary diesel fuel with enhanced lubricity properties [4] and reduced 
pollutant emissions [5,6]. The rapid increase in biodiesel usage as a diesel fuel alternative is restricted 
by its higher viscosity, which affects the current fuel injection systems and causes poorer fuel 
vaporization. Furthermore, they are constricted by their cold climate properties [7,8]. The most suitable 
and economical way to improve both the low-temperature fuel properties of biodiesel and engine 
performance is the treatment with chemical additives. This technology is applied widely throughout 
the biodiesel industry [9]. Biodiesel is composed of fatty acid methyl esters (FAME) and is usually 
synthesized via transesterification of vegetable oils (triacylglycerols) with low-molecular-weight 
alcohols [10]. In regards to the use of biodiesel around the World, the current mandates are based 
mainly on a blend of diesel-biodiesel fuel [11]. The most acceptable option to make the biodiesel 
available as a stand-alone fuel alternative to ordinary diesel is with the use of additives [9]. Biodiesel  
(a mixture of monoalkyl esters of saturated and unsaturated long chain fatty acids) in general has a 
higher pour point (PP) and cloud point (CP), acid value and density as well as kinematic viscosity 
compared to mineral diesel. The low temperature flow properties (PP and CP) are used to characterize 
the fuel cold flow operability because the fuel utility is affected by the pour point, especially in colder 
regions around the World [12]. The higher oxygen concentration of biodiesel improves combustion, 
lubricity and reduces exhaust emissions, while it slightly increases NOx emissions [12,13]. A small 
portion of ethanol (E) additive can promote emission reductions and decrease the viscosity [14].  
However, the drawbacks of E-additive use include a reduction in fuel energy content [15], flash point, 
cetane number [16], lubricity [17] and immiscibility of the blended ethanol-biodiesel fuel [18,19]. 
Recent studies [20,21] have revealed that biodiesel fuel prepared from poultry fat methyl ester 
(PFME) and Madhuca indica oil (MME) exhibit better fuel properties when blended with ethanol 
compared to pure biodiesel. They found that the reductions in pour point and cloud point were 4 °C 
and 6 °C for PFME and 3 °C and 4 °C for MME, respectively, with 20% ethanol blending. Similarly, 
ethanol was used in amounts up to 4% to improve the properties of palm oil methyl ester (POME) [22]. 
Other experimental studies were conducted to estimate the influence of ethanol utilization as an 
additive to biodiesel-diesel blends from soybean [23,24] and sunflower oil biodiesel [25] on the direct 
injection diesel engine performance, exhaust emissions and combustion efficiency. Their results 
indicate that the brake specific fuel consumption (BSFC) is slightly reduced compared to blended 
biodiesel fuel. Extreme reduction in exhaust smoke with ethanol is observed at higher engine loads. 
Hydrocarbon emissions (HC) and nitrogen oxide emissions (NOx) for blended fuel with ethanol are 
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slightly higher, on the other hand, there was a slight reduction in carbon monoxide (CO). However, the 
use of ethanol as an additive to biodiesel blended fuels might result in reductions of both HC and NOx 
emissions from a diesel engine [26], where ethanol-biodiesel was blended with biodiesel at 5%, 10% 
and 15% by volume. A 4-cylinder direct injection diesel engine was used to conduct this test. Diethyl 
ether (DE) is an excellent ignition improver with a low auto-ignition temperature [27] and can be used 
with biodiesel fuels to reduce the NOx exhaust emissions. Furthermore, it can enhance the cold engine 
starting and improve the ignition for emulsions of diesel and water [28]. Other studies used the DE 
with biodiesel blends to improve the performance and emissions of a diesel engine. To the best of the 
authors’ knowledge, none of the previous researchers investigated the effect of DE on the biodiesel 
fuel properties. 
The aim of this study was to evaluate the improvement of properties of palm oil methyl ester with 
the addition of ethanol (E), butanol (BU) and diethyl ether (DE) as additives and the influence of 
increasing the blend of chemical additives on the reduction of biodiesel fuel energy content. 
Furthermore, the effect of the chemical additive type on improving engine power and fuel consumption 
was investigated. 
2. Biodiesel Fuel Properties 
Biodiesel is a renewable and environmentally friendly alternative to mineral diesel fuel [29,30]. It is 
obtained through the transesterification of vegetable oils or animals fats, with short chain alcohols such 
as methanol and ethanol. It gives comparable engine performance to that of fossil diesel and can be 
utilized pure or blended with mineral diesel [31,32]. Biodiesel is non-flammable, non-explosive, 
biodegradable and nontoxic, with a high flash point compared to mineral diesel. Furthermore, its use 
results in a reduction in many toxic exhaust emissions. The absence of soot, sulphur oxide (SOx) and 
particulate is nearly absolute, and a reduction in polycyclic aromatic hydrocarbon emissions can be 
observed. The oxygen content in biodiesel is 10%–15% [31,33] by weight with a typically high cetane 
number compared to mineral diesel fuel, which leads to higher combustion efficiency [34,35].  
The cetane number is an indicator of auto ignition quality for the fuel. An increase in cetane number 
causes a shorter ignition delay. This results in less fuel being injected during the premix burn and more 
during the diffusion burn portion, thus reducing the cylinder pressure rise, which may result in lower 
cylinder temperatures [36]. These characteristics lead to a complete combustion of biodiesel fuel  
with lower exhaust emissions compared to mineral diesel. However, biodiesel has a higher density, 
kinematic viscosity, pour point and cloud point than mineral diesel fuel. On the other hand, the energy 
content of biodiesel is about 12% lower than that of mineral diesel fuel on a mass basis, resulting in 
lower engine speed and power [37–39]. The fatty acid profile of the feedstock is one of the major 
determinants of its energy content [1]. The output engine power is influenced directly by the fuel 
energy content [40,41] as well as by the density changes due to the different mass of fuel injected, as 
the injection systems measured fuel by volume [42]. Therefore, density is important for different 
aspects of diesel engine performance. Furthermore, high viscosity can lead to larger fuel droplets,  
a narrower injection spray angle, lower quality vaporization and higher in-cylinder fuel spray 
penetration [43,44]. On the other hand, the use of a high kinematic viscosity fuel can cause undesired 
consequences like poor atomization of fuel during the spraying period, engine deposits, injectors and 
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fuel pump elements wear and additional power required to the fuel pumping [45]. In general, the 
biodiesel fuel viscosity is typically higher than that of mineral diesel, and it is significantly influenced 
by the compound structure of biodiesel [46]. The use of biodiesel fuel as an alternative to mineral 
diesel can significantly reduce the exhaust emissions such as the overall carbon dioxide (CO2) life 
cycle [47], carbon monoxide (CO), particulate matter (PM), sulphur oxides (SOx), and unburned 
hydrocarbons (HC) [48]. Moreover, biodiesel has higher nitrogen oxide (NOx) emissions [49,50].  
The major disadvantages of biodiesel fuel are fuel injector coking, engine compatibility [43], and high 
production costs [37]. The effects of oxidative degradation (auto oxidation) resulting from contact with 
atmospheric air during prolonged storage periods presents a legitimate concern in terms of maintaining 
biodiesel fuel quality [51]. 
Typically, biodiesel fuels have poor cold flow characteristics compared to mineral diesel fuel, 
which limits their use in cold climate regions [52]. Mineral diesel fuels are affected by the growth and 
agglomeration of crystals of paraffin wax when the ambient temperatures fall below the cloud point of 
the fuel. These solid crystals may lead to start-up problems such as clogging of the filter when the 
ambient temperatures drop to about −10 °C to −15 °C [53]. While the cloud point of mineral diesel is 
reported to be around −16 °C, typically biodiesel has a cloud point of nearly 0 °C, thus restricting its 
use to ambient temperatures higher than freezing [54,55]. 
3. Methodology 
3.1. Materials 
Palm oil methyl ester (POME) was supplied by a local commercial company from a processing plant 
located in Selangor, Malaysia. Ethanol (99.5; <0.02 mass% water) butanol (99.5%; <0.05 mass% water) 
and diethyl ether (99.5%; <0.05 mass% water) were purchased from a chemicals supplier. The properties 
of POME and the chemical additives were reported in Table 1 [31,56]. All chemicals were immediately 
used when received from the supplier and then stored in the chemical lab after the first use. 
Table 1. Properties of chemicals and POME. 
Property Ethanol Butanol Diethyl ether POME 
Chemical Formula C2H5OH C4H10O C4H10O - 
Molecular Weight (g/mole) 46.07 74.12 74.12 - 
Carbon weight% 52.2 64.8 64.8 76.2 
Hydrogen weight% 13.1 13.6 13.6 12.6 
Oxygen weight% 34.7 21.6 21.6 11.2 
Specific Gravity @ 20 °C 0.790 0.8100 0.714 0.880 *
 
Boiling point, °C 78 116 34.6 - 
Freezing point, °C −114.1 −89.5 −116 - 
Viscosity (cSt) @ 20 °C 1.52 3.64 0.34 4.61 **
 
Flash point, °C 16.6 35 −45 135 
Auto ignition temperature, °C 363 343 160 - 
Vapour Density, (Air = 1) 1.59 2.6 2.55 - 
Heating value (MJ/kg) 29.7 33 34 38.6
 
* density measured at 25 °C; ** The viscosity measured at 40 °C. 
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3.2. Fatty Acid Composition 
Fatty acid composition of palm oil methyl ester (POME) was determined using gas chromatography 
(model 6890, Agilent Technologies, Santa Clara, CA, USA). The gas chromatography (GC) analysis was 
conducted using helium as a carrier gas with a flow rate of 1.1 mL/min. The GC equipped with FID 
detector and Agilent 19091S-433 column (30.0 m length × 0.25 µm film thickness × 0.25 mm diameter). 
The column conditions were as follows: initial flow 1.1 mL/min, head pressure 17.63 psi, average 
velocity 31 cm/s. The injector temperature was 240 °C, and the detector temperature was 250 °C.  
The oven temperature was initially held at 140 °C for 2 min, then increased to 220 °C at 8 °C/min. 
3.3. Preparation of POME-Chemicals Blends 
Ethanol, butanol and diethyl ether were blended with POME at 1.0%, 3.0% and 5.0% by volume 
(vol%), respectively. Nine samples of palm oil methyl esters and chemical additives listed in Table 2 
were prepared through blending and mixing using an electrical magnetic stirrer. Briefly stated, 
chemical additives were added into POME at a low stirring rate. The mixtures were continuously 
stirred for 20 min then left for 30 min at room temperature to reach equilibrium state before they were 
utilized in any test. The chemical additives usage also has some limitations, such as reduced 
ignitability and cetane number of the fuel, lower lubricity, lower miscibility and higher volatility [57] 
which may result in increased emissions of unburned hydrocarbons. Therefore, chemical additives 
were introduced in low portions. 
Table 2. Types of blended fuel. 
Fuel POME (vol%) E (vol%) BU (vol%) DE (vol%) 
B100 100 0 0 0 
B-E1 99 1 0 0 
B-E3 97 3 0 0 
B-E5 95 5 0 0 
B-BU1 99 0 1 0 
B-BU3 97 0 3 0 
B-BU5 95 0 5 0 
B-DE1 99 0 0 1 
B-DE3 97 0 0 3 
B-DE5 95 0 0 5 
3.4. Fuel Properties Measurements 
3.4.1. Density Measurement 
The engine specific fuel consumption is influenced by fuel density due to the different mass of fuel 
injected [42]. Therefore, density is important for different performance aspects of the diesel engine. 
Density was measured at 25 °C according to ASTM D1298 [58] using a Portable Density/Gravity Meter, 
which is a microprocessor controlled system with an LED display. It has a range of 0.0000–2.0000 g/cm3 
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with an accuracy of ±0.001 g/cm
3
. It was important to clean the measuring cell before and after each 
measurement series, to ensure accurate data. 
3.4.2. Kinematic Viscosity Measurement 
High kinematic viscosity of fuel can result in pumping problems and fuel spray characteristics 
(penetration and atomization, etc.). The inefficient mixing of fuel with air leads to incomplete 
combustion. Kinematic viscosity was measured using a constant temperature digital kinematic 
viscosity bath, according to the ASTM D445 method using a Cannon-Fenske Routine viscometer as 
mentioned in ASTM D446 for transparent liquids with size No. 100 which is used for the kinematic 
viscosity range 3–5 mm2/s [58]. The determination of viscosity is conducted at a temperature of  
40 ± 0.1 °C. 
3.4.3. Acid Value Measurement 
The engine fuel supply system may suffer strong corrosion resulting from the rise in the fuel acid 
value content. An increase in the amount of free fatty acids results in higher fuel acid value [59].  
Acid value is represented as the required mg KOH to neutralizing 1 g of FAME. Acid value was measured 
using a Metrohm test apparatus (Riverview, FL, USA) model 785, according to ASTM D664 [58]. 
This method gave a detection limit of 0.01%. Analysis of the samples was done in duplicate. 
3.4.4. Energy Content Measurement 
The energy content was measured using an Oxygen Bomb Calorimeter (from Parr Instrument Co., 
Moline, IL, USA) model 6772. In these calorimeter systems, the leak of heat from the oxygen bomb to 
the water in the bucket is measured accurately during the pre-period of calorimetric using electronic 
thermometer. This evaluation leads to the prediction of the average effective surroundings temperature 
of the calorimeter. Then, to provide the heat leak correction of the calorimeter, this temperature value 
is used throughout the interval of test. It harnesses the controller computing power, with no extra 
hardware costs, to provide the correction capability of the heat leak that is almost identical to the approach 
used when employing the techniques of non-electronic thermometry and manual calorimetric. 
3.4.5. Cloud Point and Pour Point Measurement 
The cloud point (CP) represents the temperature at which a wax crystal cloud is first seen in a liquid 
when the liquid undergoes the cooling process under certain conditions. Pour point (PP) represents the 
lowest temperature at which a liquid can flow. Cloud point (CP) and pour point (PP) were measured in 
accordance to ASTM D2500 and ASTM D97, respectively [58]. The test equipment, model K46195, 
manufactured by the Koehler Instrument Company (Bohemia, NY, USA) was used for the measurement 
of cloud point and pour point. The values of CP and PP were rounded close to the complete degree. 
For a higher degree of precision, the resolution of pour point measurements was 1 °C instead of  
the specified increment 3 °C. For a greater degree of accuracy, each experiment was conducted  
in triplicate. 
  
Energies 2014, 7 4370 
 
 
3.5. Engine Test 
The fuels engine tests were conducted with a naturally aspirated type water cooled 4-cylinder 
Mitsubishi 4D68 diesel engine with a compression ratio of 22.4:1, total displacement 1.998 dm
3
, bore 
to stroke ratio 0.89 and mechanically controlled fuel injection system distributor. A schematic diagram 
of the experimental engine setup and the engine test bed are illustrated in Figures 1 and 2 respectively. 
The engine was coupled with an eddy current dynamometer with a capacity of 150 kW controlled by a 
Dynalec controller; measuring and controlling the effective torque and engine speed. The tests were 
conducted at half open throttle and variable engine speed from 1500 to 3500 rpm with constant 
increments of 500 rpm. The s tested in the diesel engine at 5% percentage with POME, accordingly, 
the tested fuel includes palm oil methyl ester (B100), B-E5, B-BU5, B-DE5 and mineral diesel.  
The engine is equipped with an exhaust gas recirculation system; however, in this experiment the EGR 
mode is set to OFF. 
Figure 1. Schematic diagram of experimental engine setup: (1) diesel fuel tank;  
(2) biodiesel fuel tank; (3) drain valve; (4) fuel filter; (5) fuel pump; (6) pressure 
transducer; (7) EGR valve; (8) dynamometer, (9) gas analyser; (10) in-cylinder pressure 
transducer; (11) Orion 1624 DAQ; (12) crank angle encoder. 
 
Figure 2. Experimental engine test bed. 
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4. Results and Discussion 
The tests results reveal that palm oil methyl ester shows the higher pour point, a property that 
limited the benefits of the biodiesel utilization in cold climates [56,57]. This is due to the 
predominance of saturated fatty acids in palm oil biodiesel as shown from the fatty acid composition 
analysis results present in Table 3. Furthermore, all POME-chemical’s blends improved the pour point 
(PP) compared to unblended POME. This may be attributed to the low freezing points of ethanol  
(−114.1 °C) butanol (−89.5 °C) and diethyl ether (−116 °C) which are substantially lower than the 
temperature at which biodiesel typically undergoes solidification. Furthermore, POME pour point was 
improved by increasing the additive ratio in the blend. A significant difference in PP among additive 
types was detected at 5% blending ratio with 11 °C, 12 °C and 10 °C for ethanol butanol and diethyl 
ether respectively; compared to pure palm oil methyl ester. Figure 3, shows that, the minimum PP 
temperature was with diethyl ether which is about 5 °C lower than that of palm oil methyl ester. 
Table 3. Fatty acid composition of palm oil biodiesel by GC. 
No. Fatty Acid Structure Formula Molecular Mass POME (%) 
1 Lauric 12:0 C12H24O2 200 0.3 
2 Myristic 14:0 C14H28O2 228 1.0 
3 Palmitic 16:0 C16H32O2 256 43.3 
4 Palmitioleic 16:1 C16H30O2 254 0.1 
5 Margaric 17:0 C17H34O2 270 0.1 
6 Stearic 18:0 C18H36O2 284 5.4 
7 Oleic 18:1 C18H34O2 282 49.2 
8 Arachidic 20:0 C20H40O2 312 0.4 
9 Eicosenoic 20:1 C20H38O2 310 0.1 
Saturation - - - 50.6 
Unsaturation - - - 49.4 
Total - - - 100.0 
Figure 3. Variation in palm oil methyl ester pour point with increasing blending ratio for 
different additives. 
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Blending chemical additives with POME reduced kinematic viscosity at 40 °C, as short-chain 
alcohols and ether have significant low kinematic viscosities compared to biodiesel. The kinematic 
viscosities at 20 °C of ethanol, butanol and diethyl ether are 1.52, 3.64 and 0.23 mm
2
/s, respectively; 
therefore, blends of POME were least viscous with diethyl ether and most viscous with butanol as 
shown in Figure 4. For 5% blends with ethanol, butanol and diethyl ether the exhibited kinematic 
viscosities at 40 °C were 4.06, 4.28 and 3.85 mm
2
/s, respectively. The decrease in the biodiesel 
viscosity with additives results in a better atomization and fuel spray shape. These finer droplets of the 
fuel lead to good mixing with air, which results in improving combustion. All blends, as well as  
pure POME, meet the kinematic viscosity requirement indicated in ASTM D6751 standard [58]. 
Furthermore, as the chemical additives ratio increased, the kinematic viscosity of the fuel decreased. 
These reductions were higher for diethyl ether and lower for butanol. The decrease in the kinematic 
viscosity of the POME-additive blend changed linearly with the additive volumetric percentage and 
could be represented by a correlation equation for each additive as shown in Figure 4. These results are 
in agreement with a prior study [21] which indicates that blends of ethanol and M. indica oil biodiesel 
exhibited lower kinematic viscosities in comparison to unblended M. indica oil methyl esters. 
Figure 4. Variation in palm oil methyl ester kinematic viscosity with increasing blending 
ratio for different chemical additives. 
 
Heat of combustion is the amount of heating energy liberated by the combustion of a unit value of 
fuel [60]. The addition of chemical additives to POME resulted in a slight reduction in energy content 
compared to unblended POME, as these additives have less energy content. The ASTM D6751 
standard does not specify the heating value of the fuel [58] while it is prescribed in EN 14213 with a 
minimum of 35 MJ/kg (biodiesel for heating purpose) [61]. POME heating value slightly decreased 
with the increase in the volumetric percentage of the additive as shown in Figure 5. Furthermore, palm 
oil methyl ester exhibited a lower heating value with ethanol compared to butanol and diethyl ether. 
All fuel blends as well as neat POME, satisfying the EN 14213 biodiesel standard requirement for all 
ranges of blending. 
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Figure 5. Variation in palm oil methyl ester heating value with increasing blending ratio 
for different chemical additives. 
 
The addition of alcohol and ether to POME slightly improved the AV as shown in Figure 6,  
this was anticipated as alcohol and ether will dilute the existing free fatty acids in POME, leading to a 
reduction in acid value. A slight divergence was noticed between the different additive types.  
All biodiesel-additive blends meet the requirement of biodiesel fuel standard ASTM D6751 which 
states that the maximum acid value for biodiesel fuel is 0.50 mg KOH/g [58]. 
Figure 6. Variation in palm oil methyl ester acid value with increasing blending ratio for 
different additives. 
 
Fuel density decreased with the addition of alcohol and ether to POME as shown in Figure 7.  
The density of POME was lower with diethyl ether and higher with ethanol. For 5% blends, ethanol, 
butanol and diethyl ether exhibited densities at 15 °C of 877.6, 876 and 873.4 kg/m
3
, respectively.  
The density at 25 °C can be described by a correlation equation for each additive as presented in 
Figure 7. It is obvious that the POME-additive blend density linearly changed with the additive 
volumetric percentage. The ASTM D6751 standard does not specify the density of the biodiesel  
fuel [58]; however, the density value is indicated in the range of 860–900 kg/m3 in the European 
standard EN 14214 [62]. All blends, as well as pure POME, meet the density requirement indicated in  
EN 14214 standard specifications. 
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Figure 7. Variation in palm oil methyl ester density with increasing blending ratio for 
different additives. 
 
Figure 8 illustrates the variation in engine brake power at increasing speed for different fuel samples. 
The results show that the measured engine power for diesel fuel is higher than that of B100 and B100 
with 5% of different additives. At 2500 rpm, the engine brake power for diesel and B100 fuels were  
24.3 kW and 21.4 kW, respectively. This difference in brake power is due to the high energy content of 
mineral diesel (45.21 MJ/kg) compared to palm biodiesel fuel (38.57 MJ/kg) [37–39]. As a comparison, 
the engine brake power is lower by about 11% with biodiesel compared to diesel fuel. However, the 
measured engine brake power for B100 fuel increased with additives. The engine brake power 
measured at 2500 rpm engine speed for B100 was 21.8, 21.9 and 22 with ethanol, butanol and diethyl 
ether respectively at 5% additive ratio, which is slightly different. This difference in the trend of 
increasing engine power with POME and various additives is due to the effect of two conflicting 
factors, the effect on reducing the fuel viscosity which improves the fuel spray and the fuel energy 
content reduction effect. Diethyl ether has a lower viscosity and higher energy content compared to 
other additives, resulting in higher engine brake power. 
Figure 8. Engine brake power with mineral diesel fuel, palm oil methyl ester and palm  
oil methyl ester with different additives at 5% blending ratio (tests conducted at increasing 
engine speed and half open throttle). 
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Figure 9 presents the variations in the brake specific fuel consumption (BSFC) with increasing 
engine speed for the tested fuel samples. At 2500 rpm, the BSFC for diesel and B100 fuel was 315 and 
333 g/kWh, respectively. The higher fuel consumption of the B100 fuel mainly related to their lower 
heating value [63]. However, the BSFCs of B100 decreased to 331, 330 and 328 g/kWh, with 5% of 
ethanol, butanol and diethyl ether respectively; at the same engine speed, with a slight variance 
between the different blends. This difference is due to the improvement in engine brake power and the 
lower density of the additives compared to B100, where the engine fuel system measures fuel on a 
mass basis. 
Figure 9. Brake specific fuel consumption with mineral diesel fuel, palm oil methyl ester 
and palm oil methyl ester with different additives at 5% blending ratio (the tests conducted 
at increasing engine speed and half open throttle). 
 
5. Conclusions 
The aim of this study was to qualify the changes in the key fuel properties when alcohols and ether 
are blended with palm oil biodiesel. In summary, addition of ethanol, butanol and diethyl ether can 
cause a regular low temperature operability improvement of palm oil biodiesel with the increase in 
additive proportion. Increasing additive content resulted in a significant improvement in pour point 
with a maximum decrease of 5 °C in pour point at 5% diethyl ether addition compared to pure palm  
oil methyl ester. Additionally, a statistically significant pour point variation between the different 
chemical additives was observed as the mean palm oil methyl ester pour point temperature with diethyl 
ether being around 1 °C less than that with ethanol and 2 °C less than that with butanol at 5% blending 
ratio. A linear reduction in palm oil biodiesel kinematic viscosity and density was indicated with an 
increase in the chemical additive blending ratios. The lower viscosity was for blends of biodiesel-diethyl 
ether blend mixtures with 16.5% reductions at 5% blending ratio compared palm oil methyl ester 
whereas, biodiesel-butanol blends mixtures were progressively more viscous. The effect of chemical 
additives on reducing the fuel energy content restricts their use in high blending ratios. The inclusion 
of additives to palm oil methyl ester slightly reduced the energy content of the fuel. The minimum 
heating value indicated that when adding 5% ethanol which is 6.35% less than that of neat palm oil 
biodiesel. A reduction in biodiesel acid value was indicated when increasing the additive content. 
Furthermore, the acid value for diethyl ether was 0.01 lower than that of ethanol and butanol. Engine 
test results show that the use of fuel additives with palm oil biodiesel fuel have a noticeable effect on 
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improving the engine brake power and decreasing specific fuel consumption compared to palm oil 
biodiesel fuel. Furthermore, the better engine power at lower fuel consumption presented with diethyl 
ether compared to other additives. Finally, palm oil methyl ester with diethyl ether blend exhibited 
optimum properties with slightly superior cold flow performance, kinematic viscosity, heating value, 
acid value and engine performance in comparison to ethanol and butanol, suggesting that diethyl ether 
may be the most prudent choice among the selected additive-biodiesel blends. 
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